[1] Based on the simple framework of the recharge oscillator for El Niño-Southern Oscillation (ENSO), this paper describes the formulation of a coupled stability index for the large-scale tropical ocean-atmosphere interactions in the equatorial Pacific region. This index, referred to as the Bjerknes (BJ) stability index, takes its negative contributions from the mean upwelling and thermal damping and its positive contributions from the thermocline, the zonal advection, and the Ekman feedbacks. The validity of the BJ stability index formula is tested through a detailed eigenanalysis of an intermediate-coupled model, which shows that the BJ stability index captures the dependence of growth rate of the leading coupled ENSO-like mode on various climate conditions. The general formula of the BJ stability index may be useful for assessing the coupled stability of ENSO and its sensitivity to changes in tropical climate conditions.
Introduction
[2] Since the recognition by Bjerknes [1969] that the El Niño-Southern Oscillation phenomenon resulted from positive feedbacks of the tropical ocean-atmosphere interaction in the equatorial Pacific, major progress has been made in understanding the salient features of the ENSO phenomenon [cf. Neelin et al., 1998 ]. Systematic studies have consistently shown that the typical 2 -7 year ENSO cycles can be largely attributed to the leading coupled oscillatory modes originating from the coupled destabilization of the tropical climate state. The different ENSO-like behaviors simulated in various coupled models are consistent with the theoretical findings concerning the dependence of these coupled modes on the variations in the basic state of the tropical climate and on its physical parameters [e.g., Jin and Neelin, 1993; An and Jin, 2000; Philander, 2000, 2001; Bejarano, 2006] .
[3] Based on the recharge oscillator framework, this study proposes a simple formula for the coupled ENSO stability. This formula includes in a natural way the contributions dependent on the basic states and on the various sensitivity parameters that are derivable from the uncoupled ocean and atmosphere dynamics. Moreover, it is shown that the formula of this stability index is successfully validated through the detailed eigen-analysis of an intermediate coupled-model.
Formula for BJ Coupled-Stability Index
[4] The linear equation for sea-surface temperature (SST) anomalies of the mixed layer may be written as follows:
where (T, u, v, w) denote the SST and ocean currents anomalies, respectively, and Q stands for net anomalous heat flux and for the diffusive effects. The over-barred variables denote the climatological basic state. Since the main center of action of ENSO SST anomalies is trapped in the equatorial central-to-eastern Pacific, we consider an area average of the above equation over that region where the dominating SST variability of ENSO resides. We write the area-averaged form of (1) as
where h i denotes the area average; L x and L y are the longitude and latitude extents of the equatorial box; and H(x) is a step function which ensures that only upstream vertical advection is taken into consideration. In equation (2), the factor (À2y/L y ) comes from our assumption that the meridional structure of ENSO SST anomalies is Gaussianlike with an e-folding decay scale of L y ; T sub denotes the subsurface ocean temperature anomalies; and H m is the effective depth for the vertical advection. We have omitted the small term v@ T/@y for the advection of the climate temperature by the meridional current perturbation.
[5] Following the approximations employed in the derivation of the recharge oscillator model [Jin, 1996 [Jin, , 1997 Jin and An, 1999] , we may approximately express the righthand-side of equation (2) in terms of a linear function of SST anomalies and equatorial zonal averaged heat content anomalies [Burgers et al., 2005] .
[6] To do so, we first assume that hQi is dominated by the heat-flux anomalies and that it depends linearly upon the local temperature anomalies:
This gives a linear estimation of thermal damping rate a. For instance, a may be estimated by linearly regressing heat flux anomalies against SST anomalies. In the Zebiak and
Cane [1987, hereinafter referred to as ZC] model, a is specified as a constant, whereas in comprehensive models or in nature, this parameter is often tainted with uncertainties that arise from our inability to assess accurately the dependence of different components of heat flux on the SST anomalies.
[7] Second, without loss of generality, we let
Here, h denotes the sea level or upper-ocean heat content anomalies or thermocline-depth anomalies, which are all well correlated with the subsurface temperature anomalies.
With comprehensive models, we may use T sub and thus set a = 1.
[8] The upper-ocean pressure anomalies associated with ENSO are proportional to this generalized h field when the effect of salinity anomalies on the ocean density anomalies is omitted. Adopting this approximation and using the quasi-balance between zonal pressure-gradient and zonal wind-stress anomalies in the zonal momentum equation of the upper ocean [see Jin, 1997; Burgers et al., 2005] , we have
Here, [t x ]and [h] stand for the zonally averaged equatorial zonal wind-stress anomalies and equatorial h anomalies, respectively. The coefficient b h can be obtained by
, or be derived from the linear equatorial ocean dynamic equations through systematical approximations [Jin, 1997] .
[9] Third, motivated by the ZC model that includes a two-layer upper ocean, we further assume that surface zonal current anomalies consist of two parts, denoted as u m and u s , respectively. For simplicity, we consider u s to be the vertical shear of zonal current anomalies in the mixed-layer and the layer below, and u m the vertical averaged zonal currents of the two layers in the entire upper ocean. Thus, the surface layer current anomalies may be expressed as
Here, we have assumed that u m involves the wind-driven, basin-wide ocean-mass adjustment [e.g., Jin and An, 1999] and that u s comes primarily from the Ekman flow [Battisti and Hirst, 1989] . Furthermore, we assume that the upwelling anomalies may be approximately expressed as
The coefficients b um , b uh , b us , and b w can be estimated from forced ocean model experiments.
[10] Fourth, we assume the following linear relationships between the ENSO SST anomaly and the zonal-averaged as well as the eastern equatorial averaged zonal wind stress anomalies:
The coefficients m a * and m a are closely related, and both may be estimated from forced atmospheric model experiments.
[11] Combining the equations (2 -8), the boxed averaged SST equation (2) becomes:
[12] Based on the simplest possible form of recharge oscillator as proposed by Burgers et al. [2005] , we find that the collective coefficient I BJ becomes the growth rate of the oscillator. The dependence of ENSO periodicity on the basic state, which is controlled largely by the recharge/ discharge of the equatorial heat content as indicated by the phase transition term F[h] in equation (9), will be reported elsewhere. We term I BJ as the BJ coupled-stability index for the ENSO recharge oscillator. When I BJ > 0, the leading ENSO mode of the coupled system is linearly unstable, whereas when I BJ < 0, the leading ENSO mode is damped.
[13] Unlike Burgers et al. [2005] who directly fitted the growth rate and frequency of the recharge oscillator using the observed data, the BJ index is the growth rate in equation (9), and it is now derived as an explicit function of the basic state, including the mean current, the mean upwelling, the zonal and vertical gradients of the mean SST. The collective effect of the mean advection and upwelling in the first term of BJ index is to make the BJ index negative, and so is the effect of the thermal damping rate a. The last three terms in the equation (9) are known as representing the zonal advection feedback, the Ekman pumping feedback, and the thermocline feedback [cf. Jin and Neelin, 1993; Jin and An, 1999] , respectively. They are the three major positive dynamic feedbacks of large-scale tropical ocean-atmosphere interactions, and they all tend to make the BJ index positive. These dynamic feedbacks depend on three factors: (i) the nature of the basic state, (ii) the basic parameters m a * and m a , which measure the sensitivity of the atmospheric surface wind responses to the ENSO SST anomalies, and (iii) the parameters b w , b h , b u , and a, which measure the sensitivity of oceanic responses to surface winds. The general formula of the BJ index, as expressed in equation (9), can in principle be evaluated using any complex atmosphere and ocean models.
BJ Stability Indexes and Growth Rates of the Leading ENSO Mode in the ZC Model

Estimation of the Coefficients
[14] With the definition of the BJ index in equation (9), the ZC model is used as an example to illustrate the evaluation of that index. The area over which the SST equation is averaged is set as 160°W-90°W and 5°N-5°S. In the ZC model, the thermal damping coefficient a is set at 1/(125 days). The effective vertical advection depth, H m = H 1 /g, where H 1 = 50m and g = 0.75. In the ZC model, the subsurface temperature is parameterized by thermocline depth; thus, we have a ¼
, which is based on the empirical functional relation of T sub and the thermocline depth anomalies.
[15] The coefficients m a * and m a (Figure 1 ) are obtained by forcing the atmospheric component of the ZC model using prescribed El Niño and La Niña patterns with sinusoidal time evolutions of a 4-year period. The coefficients b w , b h , b us and b um are obtained by forcing the oceanic component of the ZC model using the atmospheric wind patterns associated with El Niño and La Niña again with the sinusoidal time evolutions of a 4-year period. The sensitivity parameters can be determined from the slopes of these straight lines. The fact that deviations from the straight lines in Figure 1 are relatively small demonstrates that the approximate linear relations (5 -8) are largely valid in the context of the ZC-type models. Further examinations for the validity of these approximations in more comprehensive models will be reported elsewhere.
Basic States
[16] Different annual-mean basic states that span continuously a two-dimensional parameter space are constructed to test, under various climate conditions, if the BJ stability index formula is a useful measure of the coupled instability of a system such as the one present in the ZC model. The two parameters, termed a H and a W , introduced by multiplying them into the reference thermocline depth (150 m) and the climatological annual mean wind stress, respectively, in a manner similar to what was done by Fedorov and Philander [2001] . The oceanic component of the slightly modified version of the ZC model [Bejarano, 2006] is run to obtain steady state solutions under different reference thermocline depth and different annual mean wind stress by continuously varying a W from 0.8 to 1.2 and a H from 13/15 to 16/15. The differences between the steady solution for a H = 1 a W = 1 and solutions under other choices of a H and a W are added onto the basic state of the original ZC model. Thus, in the parameter space of (a W , a H ), the basic state of the original ZC model now corresponds to the case with a H = 1, a W = 1, whereas the array of constructed basic states continuously departs from this particular basic state, as seen from the SST of these basic states in the cold tongue region (Figure 2 ). Clearly, under enhanced (weakened) mean winds, the cold tongue SST of the basic states become colder (warmer), as expected.
BJ Index in the ZC Model
[17] Using equation (9) and the parameters determined from the result in Figure 1 , we calculate the BJ coupledstability index (Figure 3a) for the basic states corresponding to a H = 1 and a W ranging from 0.8 to 1.2. The BJ indexes are in reasonable agreement with the growth rates of the leading eigenmodes obtained from detailed eigen-analysis of a slight modified version of the ZC model [Bejarano, 2006] . The BJ index formula tends to overestimate the sensitivity of the instability of the leading ENSO mode of the model to changes in the basic states.
[18] We further examine the dependence of contributing terms on the basic state (Figure 3b ). The damping terms change little as a W increases, whereas the strengthening of positive feedbacks becomes evident as a W increases. Thus, the BJ index eventually becomes positive, or the ENSO oscillator becomes unstable as a W becomes sufficiently large or as the mean winds become sufficiently strong. The dominant contributing term for the growth rate comes from the so-called thermocline feedback, whereas both zonal advection and Ekman feedback contribute to positive contributions. [19] The distribution of the BJ indexes is also similar to that of the growth rates of the leading eigenmode of the ZC model for the entire array of the basic states (Figures 3c and  3d) . Results from the BJ index and detailed eigenanalysis of the ZC model both indicate that the standard ZC model is linearly unstable (the point marked by stars in Figures 3c  and 3d ), but only slightly above the line for zero growth-rate (stability boundary). Both suggest that climate states with strong trades and shallow reference thermocline depth tend to support unstable ENSO modes and thus are conducive for strong ENSO activity, whereas the climate states with weak winds and deep thermocline depth likely give rise to damped ENSO modes and thus produce relatively weak ENSO activity. This result is qualitatively consistent with the analysis of Philander [2000, 2001] obtained from a different intermediate coupled model. Thus, the simple BJ index formula is a reasonable means for assessing the coupled stability of ENSO in the ZC model. Moreover, this general formula can be used to assess the stability of ENSO in various coupled models with different climate conditions as well.
Conclusions
[20] Based on the recharge oscillator framework and with a number of assumptions for simplifications, we derived an approximate formula that may serve as an objective measure for the stability of the coupled ENSO mode. This index denoted as the BJ coupled-stability index, depends on the basic states and on atmospheric dynamic sensitivities to ENSO SST forcing as well as the ocean dynamic sensitivities to ENSO wind forcing. Consistent with well-known findings from theoretical ENSO stability studies, the thermal dynamic damping and the mean upwelling are the main contributions to a negative BJ index; whereas the thermocline, the zonal advection, and the Ekman feedbacks are the sources render the BJ index positive.
[21] Using an intermediate-coupled model, we demonstrated that the BJ index can be evaluated in straightforward manner. Moreover, the growth rates of the leading coupled ENSO-like mode, obtained through the detailed eigenanalysis of the model, are in good agreement with those estimated directly using the simple BJ coupled-stability index formula.
[22] Thus, the general formula of BJ index may be a useful tool for assessing how the coupled slow instability of ENSO may change as the climate state changes. Further study concerning the use of this BJ index to assess the ENSO stability in more comprehensive models will be examined in a forthcoming paper. Contributions of each term of BJ index: ME stands for mean advection, DA for thermal dynamic damping, AD for advective feedback, EK for Ekman pumping feedback, and TH for thermocline feedback. Dependence of (c) BJ index and (d) maximum growth rates of the leading ENSOlike modes from the eigen analysis on different intensities of the climatological mean wind stress and mean thermocline depths. The unit is year À1 .
